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Abstract:  

 Coherent acoustic phonon dynamics in single-crystalline bismuth nanofilms transferred to 

glass substrate were investigated with ultrafast pump-probe spectroscopy. Coherent phonon 

signals were substantially enhanced by more than 4 times when compared with as-grown films on 

Si (111) substrates. Furthermore, more than 10% reduction of the acoustic phonon velocity was 

observed when the film thickness decreases to 22 nm, which is attributed to the modified phonon 

dispersion in extremely thin films from quantum confinement effects. 

 

 Bismuth is an emerging quantum material with fascinating physical properties, such as 

semimetal-semiconductor (SM-SC) transition 1-8 and topological insulating states 9-12. The 

development of the molecular beam epitaxy (MBE) growth technique has produced high quality 

Bi films in which rich physics theoretically predicted over the past five decades can be realized 

experimentally. Examples include, but are not limited to, exceptional surface-state spin and valley 

properties 2, 13, superconductivity 14, transient high-symmetry phase transformation 15 and 

anharmonic scattering 16, 17. In addition, the combination of a negative real part of the dielectric 

constant and a small imaginary part,  as well as the strong inter-band transition, makes it promising 

for application in inter-band plasmonics 18. Nevertheless, applications of single-crystalline Bi 
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nanofilms in real devices are still limited by the fact that they can only be grown on lattice-matched 

substrates, such as Silicon (111) 19, BaF2 (111) 20 and mica 21. Recently, Walker et. al introduced 

double cantilever beam fracture 8, 22 and thermal-release tape 23 technique for the dry transfer of 

large-area MBE Bi nanofilms from Si (111) to arbitrary substrates; they also showed that the 

electrical/optical/structural properties of transferred films were comparable to the as-grown films 

8, 23. This technique enables study of the unique electronic, phononic, and spintronic properties of 

Bi on arbitrary substrates, such as transparent, flexible, magnetic, or topologically insulating ones 

for emerging devices.  Most previous studies of coherent phonons in bismuth focused on optical 

phonons 15-17, 24-28, and typically employed polycrystalline films prepared by thermal deposition. 

In this study, we have employed ultrafast pump-probe measurements to measure coherent acoustic 

phonons (CAP) in transferred single-crystalline bismuth nanofilms 29 and examined the effect of 

quantum confinement on CAP dynamics. Our results show greatly enhanced CAP signals in 

single-crystalline Bi nanofilms transferred onto glass and a substantially reduced sound velocity 

when the thickness was reduced to <30 nm. The strong quantum confinement effects observed 

here could enable high-performance thermoelectrics 30, 31 as an alternative to the notable Bi2Te3 

and advanced acousto-optic devices 32 based on transferred epitaxial Bi nanofilms. 

 

Single-crystalline bismuth nanofilms oriented in the [001] hexagonal direction 

(alternatively defined as [111] rhombohedral) with thicknesses between 20-50 nm were grown on 

a Si (111) substrate through MBE and then transferred to the glass substrate through a direct dry 

transfer method (see Fig. S1) which has not been achieved for bismuth previously 8. The 

thicknesses were measured by X-ray reflectivity (XRR) before and after transfer (see Fig. S2). A 

custom coherent phonon spectrometer was used to carry out the experiments, where laser pulses 

from a mode-locked Ti:Sapphire femtosecond laser (Spitfire ACE, Spectra Physics, 800 nm 

wavelength, 35 fs pulse duration, 5 kHz repetition rate) were implemented. For the pump beam, a 

second harmonic generation crystal (Beta-barium borate, BBO) was used to double the photon 

energy to 3.1 eV. The absorption depth for bismuth at 400 nm is ~15 nm 28. A 15 cm lens was used 

to focus the collinear pump and probe beams, with spot sizes (diameter at the 1 𝑒2⁄  intensity level) 

of 245 m and 60 m, respectively. The pump fluence was fixed at 1.08 m J cm2⁄ . All devices 

were synchronized through computer control for real-time data acquisition 33-35.  
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 By using the two-color pump-probe technique, we have measured the transient differential 

reflectivity change for four transferred bismuth nanofilms on glass and two reference as-grown 

bismuth nanofilms on Si (111), all at a fixed pump fluence of 1.08 mJ/cm2. The absorption depth 

for the pump is ~15 nm and probe is ~15 nm 27, which is on the order of the thicknesses (𝐿) we 

measured, thus we can get interference (coherent oscillations) pattern to extract our coherent 

phonons sound velocity through 𝑣𝐿𝐴 = 2𝐿𝑓0 , where 𝑓0  is the fitting frequency from the 

interference signal. On the other hand, if the sample thickness is much larger than the absorption 

depth, we will then get echo-like coherent phonon signal, like ref. 36 and we’ll extract the sound 

velocity through 𝑣𝐿𝐴 = 2𝐿/𝑡, where t is the round-trip delay time. From the long delay time 

measurement as shown in Fig. 1, we could observe that in the samples with film thickness above 

30 nm, the ∆𝑅 𝑅⁄  first experienced an increase within the first 1 ps and then decreased to negative 

values with a slow recovery to the equilibrium afterwards. By contrast, the signal was always 

negative in the film with thickness of 22.6 nm. Oscillations in the transient reflectivity change arise 

due to interference between the reflected probe beam at the air/Bi interface and the CAP-modulated 

reflected probe beam at the Bi/substrate interface. In the as-grown Bi/Si samples, it is hard to 

observe any oscillation signals, while in the transferred Bi/glass samples, the oscillations have 

large amplitudes. From Fig. 1a, we can barely see any oscillations in the 55.2 nm Bi/Si sample and 

with 4 times amplification for the oscillation signal in 42 nm Bi/Si sample as shown in the inset of 

Fig. 1b, we can see a comparable oscillation amplitude with that in 42 nm Bi/Glass sample. As 

shown in Fig. 2a, we have finer measurements of the Bi/glass samples using a time resolution of 

1.6 ps in the shorter time window. We can observe the first dip within 20-25 ps, indicating the 

emergence of CAP. The delay time before the first dip decreases with decreasing film thickness, 

as provided by the green arrow for eye guidance. The dashed line indicates the dip at 14.4 ps for 

the bismuth film with thickness of 22.6 nm. We have plotted this appearance time for the first dip 

as a function of film thickness and we find that it is not linearly dependent on the thickness (see 

Fig. 2b). This will be discussed shortly. 
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Figure 1 Transient reflectivity change of bismuth nanofilms with thickness of (a) 55.2 nm on 

silicon substrate and glass substrate. Inset: schematic of detection geometry in the Bi 

nanofilm/substrate system; and (b) 42 nm on silicon substrate and glass substrate. A zone-in figure 

displays the comparison of the oscillations before 300 ps as shown in the inset and the oscillations 

in 42 nm Bi/Si are multiplied by a factor of 4 to show a comparable amplitude with that in 42 nm 

Bi/Glass. (c) 22.6 nm on glass substrate. All measurements were taken at the fluence of 1.08 

mJ/cm2. 

 

 

Figure 2 (a) Transient reflectivity change of bismuth thin films on glass substrate at the fluence 

of 1.08 mJ/cm2. The green arrow provides the eye guidance for the dip shifting to the shorter delay 

time with decreasing thickness and the dashed line indicates the dip at 14.4 ps for 22.6 nm bismuth 

film. Inset: schematic of generation and detection of CAP in the Bi/glass: red arrows are the probe 

light and purple arrows are the CAPs; the interference between the reflected probe beam from the 

surface and the CAP modulated probe beam is recorded by the detector; (b) The appearance time 

for the first Dip as a function of the film thickness (the orange line is a linear line for eye guidance). 

 

For optically thin films with thickness smaller or comparable to the light penetration depth, 

the total reflection from the film is determined by both the real (𝑛) and imaginary (𝜅) part of the 

refractive index (𝑛 ̃ = 𝑛 − 𝑖𝜅). The total reflection is actually the interference of multiple light 

beams that reflected from air/film interface and from film/substrate interface, as well as the beams 

bounced between these two interfaces for several more times. To better understand the origin of 

the sign change within the first 1 ps, we have applied the transfer matrix method to simulate the 

impact on the ∆𝑅 𝑅⁄  signal from the perturbation of the real part n and imaginary part k of the 

refractive index for different thicknesses 37. Our simulated results [see Fig. S3] show that below 

30 nm, the magnitude of n and k don’t change much, while the slope of k changes from negative 

to positive,  indicating the sign difference may mostly come from the refractive index change due 

to short sample thickness which is smaller or comparable to the optical absorption depth. Upon the 

arrival of the ultrafast pulse at the Bi surface, due to large electron-phonon (e-ph) coupling in Bi, 

CAP will be launched through the thermo-elastic effect, where lattice anharmonicity enables 

thermal expansion, similarly to the typical mechanism in metals 38. However, Shin mentioned that 

in such thin films, the hot carriers will distribute evenly throughout the film, and thus uniform 

lattice temperature will be raised via e-ph coupling 27, 39. This suggests no generation of acoustic 

pulse over the film is possible through volume expansion. Therefore, the non-uniform thermal 



 5 

expansion happens at the Bi/glass interface (as shown in Fig. 2a) due to the thermal gradient at the 

interface 40. The appearance of the first dip around 20 ps and the time shift of this dip at different 

thicknesses further prove the generation of the CAPs at the Bi/glass interface. The CAPs are 

partially reflected, propagating backward, and finally arrive at the surface around 20 ps. The 

modulation of the local refractive index induced by the CAPs modulates the reflected probe beam 

from Bi/substrate interface through the photoelastic effect. Therefore, there are two possible 

reasons for the disappearance of the CAP signal in the Bi/Si of the thicknesses around 40-50 nm: 

i) the thermal gradient across Bi/Si interface is weak compared with Bi/glass interface, leading to 

smaller amplitude of the CAP generated through thermo-elastic effect; ii) the reflected CAP at the 

Bi/Si interface is too weak to detect due to the “magic mismatch” between Bi (001) phase and Si 

(111) surface 19, even though the lattice mismatch between Bi (001) and Si (111) is ~18%. Whereas, 

in the transferred Bi/glass samples, the CAP signal is substantially enhanced both because of large 

acoustic impedance difference and real part of refractive index difference between Bi and glass 

where the values of acoustic impedance for Si, Bi and glass are 2.13107 Pas/m, 2.16107 Pas/m 

and 1.41107 Pas/m, respectively. Our results show more pronounced oscillations than were 

observed by Shin in Bi/silica glass samples prepared by sputtering deposition 39, indicating the 

presence of abrupt interfaces in our transferred nanofilms on glass. This large coherent acoustic 

phonon signal enables the opportunity to study the thickness effects on the transferred film with 

different substrates.  

A very interesting phenomenon we can observe from Fig. 2 is: the appearance of the first 

dip at 14.4 ps in the 22.6 nm Bi/glass and at 19.2 ps in the 42 nm Bi/glass suggest a smaller sound 

velocity in the 22.6 nm film than in the 42 nm film. To better investigate this phenomenon, we 

have extracted the sound velocity for different film thicknesses. We eliminated the signal from 

electron excitation and recombination and the non-oscillating background by using the smoothing 

function (Adjacent-averaging) in software and fitted the oscillating part with the Eq. 1 (see Fig. 

S3): 

 
∆𝑅

𝑅
= 𝐴 𝑒𝑥𝑝(− 𝑡 𝜏𝑝⁄ ) cos(2𝜋𝑓𝑡 + 𝜙0) (1) 

 𝑓 = 𝑓0 + 𝛽𝑡 (2) 

where 𝐴, 𝜏𝑝, 𝑓0, 𝛽 and 𝜙0 are the amplitude, dephasing time, initial frequency, the linear chirp rate 

and initial phase, respectively. f is the transient phonon frequency and 𝑓0 is the initial acoustic 
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phonon frequency. By estimating the sound velocity using 𝑣𝐿𝐴 = 2𝐿𝑓0, where L is the bismuth 

film thickness measured with XRR and 𝑓0 is extracted from the fitting as shown in Fig. 3, we plot 

the sound velocity values as a function of film thickness in Fig. 4. 

 

Figure 3 Fitting results from Eq. 1 for four different thicknesses (a) 55.2 nm, (b) 51.2 nm, (c) 

42 nm and (d) 22.6 nm. The fitted 𝑓0 are (a) 21.25  0.49 GHz, (b) 23.98  0.47 GHz, (c) 29.2  

0.29 GHz and (d) 47.64  0.39 GHz respectively. The black empty dots are experiment data and 

red solid line are the fittings. 

 

 Overall, the extracted sound velocity in four different nanofilms are higher than the 

reported longitudinal acoustic phonon velocity along the [001] direction in the bulk 39, 41, 42. Above 

40 nm, the sound velocity is almost a constant around 2400 m/s, yet when the film is thinner than 

30 nm, the sound velocity is substantially reduced by a reduction ratio of 10.9%  1.6%. In the 

literatures, there’re a large range of values for bulk sound velocity in the [001] direction in bismuth, 

ranging from 1541 m/s to 1970 m/s, and the most commonly used one is 1790 m/s 39, 41, 42. 

Therefore, we think the sound velocity might be also dependent on the samples. In our samples, 

the bulk value should be about 2400 m/s along [001] direction. The decreased sound velocity in 

the 55 nm sample should still be within error (see Fig. S4 considering the uncertainty of measured 

thickness) except any interesting phenomenon showing up since combined with Fig. 2b, where the 

time for first dip (when the CAP which was generated at the interface, arrived at the surface) is 

relatively linear for the thicknesses above 40 nm and the uncertainty for the delay time in our 

system is smaller than our resolution (1.6 ps) in this measurement. 

 

Figure 4 Extracted sound velocity for 4 bismuth thin films with different thicknesses. The error 

bars show the uncertainty from fitting in Fig. 3. The empty stars are the reported speed of sound 

for bulk Bi along [001] 39, 41, 42. Reprinted with permission from ref. 39, Copyright [2018], Elsevier; 

ref. 41, Copyright [1938], American Institute of Physics; ref. 42, Copyright [1960], American 

Institute of Physics. 

 

 This is consistent with previous reports of reduced sound velocity in thinner films. 

Previously, Bonello et al. reported the reduction of the sound velocity in Cu/W multilayers, which 

was explained as the softening of the elastic constant related to interfacial effects 43. Wang et al. 

reported the sound velocity reduction in the Bi2Te3/Sb2Te3 superlattices with thinner periods due 
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to flattened phonon dispersion 36. Shin reported that a slower speed of acoustic pulse at a higher 

pump fluence occurs in the 38 nm bismuth film because of the lattice bond softening at elevated 

temperatures 39. However, the bond softening due to higher temperatures should not be the reason 

in our case since according to the estimation of the of the average density throughout the film 27, 

under the fluence of 1.08 m J cm2⁄  in our case, the photoexcited carrier densities are 1.31019 /cm3 

for 42 nm and 2.41019 /cm3 for 22.6 nm films. In addition, the average temperature is estimated 

as 360 K for 42 nm and 414 K for 22.6 nm films, smaller temperature differences (54 K) than Shin 

reported (155 K), while larger time difference (4.8 ps compared to 3 ps) 39.  

As the thickness of the material shrinks, different confined acoustic phonon branches can 

emerge as a result of spatial confinement, like shown in the Silicon thin film 44. However, our 

experiment could only detect a narrow spectrum of longitudinal acoustic (LA) modes along the 

[001] direction near the first Brillouin center, limited by both phonon generation mechanism via 

Brillouin scattering and by our experiment geometry (normal incidence with pump/probe size ratio 

~ 4). The characteristic length to observe the phonon confinement is a key parameter. When 

considering the quantum confinement effects for the thermally important phonons, which are 

usually in THz range, the phonon grey mean free path (MFP) can be a good choice 45. However, 

for the low frequency phonons, this characteristic length can be much longer than MFP. Cuffe et 

al. found a reduction of the sound velocity of the fundamental flexural mode (in GHz range) in 

ultrathin Si membranes up to 143 nm, much larger than the Si average phonon MFP (~40 nm) 46. 

Kargar et al. have also shown that confinement of GHz phonons can happen in GaAs nanowires 

with a diameter up to 128 nm, much larger than GaAs phonon MFP (~20 nm) 47. Moreover, Jeremy 

et al. proposed the “medium thermal conductivity MFP”, which appears to be a more useful 

parameter in analyzing the onset of the size effects in thermal conductivity than the phonon grey 

MFP 48. For Bi, the estimated grey MFP is around 11 nm, which means confinement effects of 

many thermal phonons could occur when the sample thickness is comparable or less than 11nm. 

All our sample thicknesses are much larger than 11nm. While in our experiment, the measured 

CAPs are in the range of 20-50 GHz and has the wavelength up to 144 nm. As a result, we only 

observed the confinement effect for the detected CAPs. Hence, our findings agree with previous 

studies, in that the quantum confinement of low frequency phonons could occur at a thickness 

much larger than grey MFP. While modified phonon dispersions have been reported by several 

groups in superlattice structures, where the phonon dispersion is modified by the periodicity, a 
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similar effect in thin films has only been reported in few studies. In 1997, Gaganidze et al. reported 

a strong effect of film thickness and substrate temperature on the sound velocity maximum in SiO2 

films at extremely low temperatures. They attributed this phenomenon to a modification of the 

phonon mediated interaction between tunneling system due to the smaller dimensionality 49. This 

suggests that in very thin films, the phonon dispersion can also be modified by dimensional 

confinement, similar to the quantum confinement of electrons. In addition, by calculating the 

dispersion relation of acoustic phonon propagating in both bulk and membrane Si, Volz et al. found 

that in the membrane Si, the phonon dispersion were modified and group velocity at smaller 

wavevectors was reduced 50. Therefore, the reduced velocity in the 22 nm Bi film in our case is 

likely to be mainly caused by the flattened phonon dispersion introduced by quantum confinement. 

The single-crystalline nature of the Bi helps to manifest this phenomenon, since in the 

polycrystalline Bi, the mixed crystal directions may account for the suppression of this effect. 

Moreover, we observe that with thinner films, less uncertainty is obtained in the measurement of 

Bi/Glass, contributing from the more roundtrips of the CAP recorded, as well as less loss of the 

probe beam in the thinner films. 

 In conclusion, we have employed a noncontact and nondestructive ultrafast pump-probe 

spectroscopy to investigate CAP dynamics in single-crystalline epitaxial bismuth nanofilms 

transferred to glass substrates. Comparing with as-grown nanofilms on silicon substrates, our 

results show greatly enhanced CAP signals in the transferred Bi nanofilms on glass benefiting 

from the difference in acoustic impedance and real part of refractive index between Bi and glass. 

We also find a more than 10% reduction of sound velocity for films thinner than 30 nm, where the 

flattened phonon dispersion induced by the strong quantum confinement effect of high-quality Bi 

nanofilms is one of the possible reasons. It is interesting to note that the sound velocity reduction 

occurs concomitantly with the predicted SM-SC transition 1-8, when the surface state transport 

begins to dominate over the bulk transport. This merits further study into the effect of quantum 

confinement, which drives the SM-SC transition, on phonon dynamics in Bi. This study suggests 

the potential of transferred epitaxial Bi nanofilms for applications in high-performance 

thermoelectrics and acousto-optic devices.  

 

 See supplementary material for the sample preparation and XRR data for samples, as well 

as propagation of errors. 
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